Objective Studies of folate intake and colorectal cancer risk have been inconsistent. We examined the relation with colon cancer risk in a series of 13 prospective studies. Methods Study-and sex-specific relative risks (RRs) were estimated from the primary data using Cox proportional hazards models and then pooled using a random-effects model. Results Among 725,134 participants, 5,720 incident colon cancers were diagnosed during follow-up. The pooled multivariate RRs (95% confidence interval [CI]) comparing the highest vs. lowest quintile of intake were 
Introduction
Much evidence suggests that folate intake might reduce the risk of some cancers, especially those of the colon and rectum [1] . In a case-control study among patients with ulcerative colitis, long-term users of folate supplements had less than half the rate of colonic neoplasia of nonusers [2] . Since then, at least 14 case-control studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and 11 cohort studies [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] have examined the association between folate intake from dietary and/or supplemental sources and colorectal cancer risk. Results from the casecontrol studies have been inconsistent: a lower risk of colon cancer has been observed with higher folate intake in some studies [3-6, 10, 12, 14] , but not in others [7-9, 11, 13, 15, 16] . Inverse associations have been more consistently observed in prospective studies, [17] [18] [19] [20] [21] [22] [23] [25] [26] [27] although in several studies, the relative risks were not statistically significant [17, 18, 20, 22, 23, 27] . A recent meta-analysis found a stronger inverse association for folate from dietary sources alone (summary RR comparing the highest vs. lowest quintile = 0.75, 95% CI 0.64-0.89; p-value, test for between-studies heterogeneity = 0.67; n = 5 studies) compared with folate intake from dietary and supplemental sources (summary RR = 0.95, 95% CI 0.81-1.11; p-value, test for between-studies heterogeneity = 0.33; n = 3 studies), with the difference in the results between dietary and total folate intake being marginally significant (p-value = 0.06) [28] . However, only one study [23] was included in both the dietary folate and total folate analyses.
Differences in the associations between folate intake and colon cancer risk according to sex [5, 21] and tumor site [7, 18, 26] have been reported. Some studies [4, 8, 17, 18, 21, 25] , but not all [22, 23] , have shown stronger inverse associations for combinations of high folate intake with high methionine and/or low alcohol intakes compared to high folate intake alone, supporting a role of methyl group availability as an underlying mechanism for an effect of folate on colorectal carcinogenesis [29] .
Because prospective studies are less vulnerable to the selection and recall biases that can undermine the validity of case-control studies of diet-disease associations, we examined the association between folate intake and colon cancer risk by pooling the primary data from 13 prospective cohort studies that met predefined inclusion criteria.
folate intake was not assessed at baseline. The Nurses' Health Study was divided into two parts (1980-1986 and 1986-2000 follow-up periods). Following the underlying theory of survival data, blocks of person-time in different time periods are asymptotically uncorrelated, regardless of the extent to which they are derived from the same people [35] , so pooling estimates from these two time periods provide the same information as using a single time period but takes advantage of the updated dietary assessment in 1986. In addition to the exclusion criteria originally applied in each individual study, we excluded participants whose log e -transformed energy intakes were beyond three standard deviations from the log e -transformed mean intake of the baseline population of each study or who had a history of cancer (except non-melanoma skin cancer) at baseline.
Case definition and ascertainment
Each study ascertained incident colorectal cancers using follow-up questionnaires and subsequent medical record review [17, 19, 27, 33] , linkage with a cancer registry [22, 24-26, 31, 32] , or both [18, 20, 23] . In addition, some studies used linkage with a death registry [17-20, 23, 26, 27, 31, 32] . Follow-up for cancer is estimated to be[90% in each cohort. Because risk factors for colon cancer may differ from those for rectal cancer [36] , we limited these analyses to colon cancer. We also examined cancers of the proximal colon (cecum, appendix, ascending colon, hepatic flexure, transverse colon, and splenic flexure) and distal colon (descending and sigmoid colon) separately. Colon tumors with unspecified or overlapping sites were excluded from the sitespecific analyses but were included in the overall analyses. a Calorie-adjusted median (10th-90th percentile) intake among baseline cohort or subcohort for the Canadian National Breast Screening Study and the Netherlands Cohort Study, adjusted to 2,100 kcal/day for men and 1,600 kcal/day for women b Information on supplementary folate intake was not available at baseline for this study c Folate was not contained in multivitamin supplements at the time of the baseline questionnaire for this study d These women are a subset of the women included in Nurses' Health Study (a) and are not included in the total baseline cohort size e Cohort sizes after applying study-specific exclusion criteria and then excluding participants with log e -transformed energy intake values beyond three standard deviations from the study-specific mean and previous cancer diagnoses (other than nonmelanoma skin cancer); the Canadian National Breast Screening Study and the Netherlands Cohort Study are analyzed as case-cohort studies so their baseline cohort sizes do not reflect the above exclusions Cancer Causes Control (2010) 21:1919-1930 1921 Dietary assessment
Diet was assessed at baseline in each study with a studyspecific food frequency questionnaire. We obtained intake data for the foods on the questionnaire and for several nutrients, including folate from foods (dietary folate) and folate from foods and supplements (total folate), if available, from each study. Because the New York State Cohort had only entered their supplement data as user vs. nonuser, we derived total folate intake for this study by assuming a frequency of one multivitamin per day among multivitamin users and by estimating the amount of folate in a multivitamin as 400 lg, the dose used in the Nurses' Health Study for generic multivitamins. Nutrient intakes were energy adjusted by the residual method [37] .
Statistical analysis
Each study was analyzed using the Cox proportional hazards model with SAS PROC PHREG [38] . The Canadian National Breast Screening Study and the Netherlands Cohort Study were analyzed as case-cohort studies [39] . We evaluated associations with energy-adjusted dietary and total folate intake. Study-and sex-specific quintiles or deciles were based on the distributions for the subcohort in the two case-cohort studies and on the baseline populations for the remaining studies. The Canadian National Breast Screening Study, Prospective Study on Hormones, Diet and Breast Cancer, and Swedish Mammography Cohort were not included in the total folate analyses because information on multivitamin use was not available at baseline in these studies. Although total folate intake was estimated in the Alpha-Tocopherol Beta-Carotene Cancer Prevention Study, this study also was not included in the quantile analyses for total folate intake because only 8% of the participants in this study reported using multivitamins, the main source of supplemental intake. Thus, the total folate intake in the higher categories in the Alpha-Tocopherol Beta-Carotene Cancer Prevention Study was not comparable to the other studies in which more than 30% of the study participants used multivitamins. Further, the Netherlands Cohort Study was not included in the quantile analyses for total folate intake because the multivitamins that were used in the Netherlands when the study was initiated did not include folate, so the folate intake in this study only comes from food sources. We also analyzed total folate intake using absolute intake cutpoints, which were identical across studies. These analyses included both the Alpha-Tocopherol Beta-Carotene Cancer Prevention Study and Netherlands Cohort Study because their lower total folate intake levels compared to the other studies could be taken into account using identical absolute intake cutpoints. If no participants diagnosed with colon cancer were in the highest intake category in a study, the relative risk could not be estimated for the highest category in that study and the noncases in the highest category in that study were included in the second highest intake category. To calculate the p-value for the test for trend across categories, participants were assigned the median value of their study's category of intake, and this variable was entered as a continuous variable in the regression model.
For all studies, we included age at baseline and the year that the baseline questionnaire was returned as stratification variables. Person-years of follow-up were calculated from the date the baseline questionnaire was returned until the date of colon cancer diagnosis, loss to follow-up, if available, death, or end of follow-up, whichever came first. The Cancer Prevention Study II Nutrition Cohort, Netherlands Cohort Study, and the New York State Cohort were each analyzed as two separate cohorts of men and women. If there were missing data for a measured covariate within a study, an indicator variable was created for missing responses for that covariate, if applicable. Two-sided 95% CIs and p-values were calculated.
To combine the study-specific effects, we used the randomeffects model [40, 41] ; the study-specific effects were weighted by the inverse of the sum of their variance and the estimated between-studies variance component. We tested for the statistical significance of between-studies heterogeneity among the study-specific estimates using the Q statistic [40, 42] . We tested for effect modification by sex and smoking status using a meta-regression model [43] . We also evaluated whether the association between total folate intake and colon cancer risk varied by levels of alcohol and methionine intake. For these analyses, a cross-product term of total folate intake expressed as a continuous variable and the ordinal score of alcohol or methionine intake was included in the model. We tested the null hypothesis of no effect modification using a Wald test. When evaluating associations by tumor site (proximal colon vs distal colon cancer), we assessed the statistical significance of differences in the natural logarithm of the RRs by tumor site with a contrast test [44] .
Results
A total of 5,720 individuals were diagnosed with incident colon cancers over follow-up times ranging from up to 7-20 years among the 229,466 men and 495,668 women in the thirteen cohort studies (Table 1 ). Median energyadjusted dietary folate intake ranged from 184 to 409 lg/ day across studies.
For both dietary and total folate intakes, the pooled age-adjusted RRs were similar to the pooled multivariateadjusted estimates ( Table 2 ). The pooled multivariate- Study on Hormones, Diet and Breast Cancer, and Swedish Mammography Cohort were excluded from these analyses because data were not available on multivitamin use or folate was not included in the multivitamins that were available at baseline. The Alpha-Tocopherol Beta-Carotene Cancer Prevention Study was excluded from these analyses because the prevalence of multivitamin use in this study was \8%; therefore, folate intake in this study was not comparable to intake levels in the other studies that had a higher prevalence of multivitamin use ([20%).
Thus, the analyses of total folate intake included 3,828 cases
Cancer Causes Control (2010) 21:1919-1930 1923 adjusted RR for comparison of the highest vs lowest quintile of dietary folate intake was 0.92 (95% CI 0.84 to 1.00, p-value, test for trend = 0.07). For the highest quintile, the test for heterogeneity between studies was nonsignificant (p-value, test for heterogeneity = 0.85, Fig. 1a) , indicating that the differences in RRs among the cohorts were compatible with random variation. The nonparametric regression analyses did not detect nonlinearity in the association between dietary folate intake and colon cancer risk (p-value, test for nonlinearity [ 0.05). Therefore, we conducted additional analyses in which dietary folate intake was modeled as a continuous variable. The pooled multivariate RR for an increment of 100 lg/day was 0.98 (95% CI 0.95-1.01; p-value, test for between-studies heterogeneity = 0.31). When the analyses were restricted to only those studies that had assessed total folate intake, the pooled multivariate RR for dietary folate intake for the same increment was 0.99 (95% CI 0.96-1.02; p-value, test for between-studies heterogeneity = 0.51). A stronger association was observed for total folate intake, which included intake from both foods and supplements (pooled multivariate RR for highest vs lowest quintile = 0.85, 95% CI 0.77-0.95, p-value, test for trend = 0.02). A statistically significant RR comparing the top versus bottom quintile was observed in only the male cohort of the New York State Cohort (Fig. 1b) . Although the associations for men and women were not significantly different from each other (p-value, test for between-studies heterogeneity due to sex for the highest quintile = 0.30), a stronger association was observed among men (pooled multivariate RR for highest vs. lowest quintile = 0.77, 95% CI 0.57-1.03) than women (pooled multivariate RR = 0.89, 95% CI 0.78-1.01). In the analysis comparing the highest vs lowest decile of intake, there was only a slightly stronger reduction in risk (pooled multivariate RR = 0.81, 95% CI 0.69-0.95, p-value, test for trend = 0.01) compared to that for the overall quintile analysis. We also conducted analyses for total folate intake using categories based on identical absolute intake cutpoints based on multiples of 80 lg above the average US intake of approximately 240 lg/day [45] . Results for total folate intake were similar in these analyses (pooled multivariate RR = 0.87, 95% CI 0.78-0.98 comparing C560 vs. \240 mcg/days, p-value, test for trend = 0.009). Analyses excluding the New York State Cohort, which used regression weight methods to calculate nutrient intakes to compensate for their shorter dietary questionnaire [46] , yielded similar results (data not shown). The nonparametric regression curve and a formal test showed that the association between total folate intake and colon cancer risk was consistent with a linear association (p-value, test for nonlinearity [ 0.1). In the analysis of total folate intake as a continuous variable, a 2% risk reduction (95% CI 0-3%; p-value = 0.03) was estimated for every 100 lg/day increase in total folate intake.
Similar associations were observed for total folate intake by follow-up period. The pooled multivariate RRs (95% CI) comparing the highest vs lowest quintile of total folate intake were 0.87 (0.76-1.00) when cases diagnosed during the first 5 years of follow-up were excluded and 0.83 (0.70-0.97) for only the first 5 years of follow-up (p-value, test for difference by follow-up = 0.65). There was no material difference in the association of dietary or total folate intake with colon cancer risk in individuals\65 versus C65 years of age (p-value, test for difference by age group [ 0.55).
The RRs comparing the highest vs lowest quintile of total folate intake were not materially changed after further adjustment for intakes of each of the following: total vitamin D, dietary b-carotene, total calcium, methionine, and dietary fiber intakes, but the association was slightly attenuated when adjusted for total vitamin A, vitamin C, or vitamin E intakes. When we examined associations with total folate intake in subgroups restricted to the highest quintiles of intake of these micronutrients, the pattern of the association between total folate consumption and colon cancer risk was generally similar, although the association for total folate intake became nonsignificant in each model due to the reduced number of cases (pooled multivariate RRs [95% CI] for the highest vs lowest quintile of total folate intake = 0.81 [0.58-1.11] within the highest quintile of total vitamin C intake, 0.81 [0.60-1.09] within the highest quintile of total vitamin E intake, and 0.78 [0.56-1.08] within the highest quintile of total calcium intake). However, within the highest quintile of total vitamin D intake (n = 536 colon cancer cases among 6 studies), the association was stronger (pooled multivariate RR for the highest vs. lowest quintile of total folate intake = 0.58, 95% CI 0.38-0.89).
When we analyzed the effect of supplemental folate alone, the pooled multivariate-adjusted RR comparing the highest versus lowest tertile of supplemental folate intake was 0.90 (95% CI 0.79-1.02). Further adjustment for dietary folate intake did not materially change the results for supplemental folate intake (results not shown). Similarly, the results for dietary folate intake were not materially changed when adjusted for supplemental folate intake (results not shown).
Although there was a suggestion that the inverse association with dietary and total folate intake was stronger for cancers of the distal colon than for those of the proximal colon, the difference was not statistically significant (Table 3) .
We examined whether associations between total folate intake and colon cancer risk differed by levels of alcohol consumption, methionine intake, and smoking status (Table 4) . A stronger inverse association for total folate intake was observed among individuals who drank at least 15 g/day of alcohol compared with nondrinkers, although the interaction was not statistically significant (p-value test for interaction = 0.22). A statistically significant inverse association was observed among current smokers but not among never or past smokers; however, the interaction was not statistically significant (p-value test for interaction = 0.08). The association with total folate intake did not differ by methionine intake (p-value test for interaction = 0.72).
Discussion
In this pooled analysis of 13 prospective cohort studies, dietary folate intake was associated with a marginally significant reduction in colon cancer risk. However, a stronger statistically significant inverse association was observed for folate intake from dietary and supplemental sources. A stronger inverse association for the highest Cancer Causes Control (2010) 21:1919-1930 1925 quintile of total folate intake compared with dietary folate intake may be due not only to the higher intakes in supplement users but also because folic acid in supplements (pteroyl-monoglutamic acid) is more bioavailable [47] than folate from foods (polyglutamates), which is vulnerable to substantial losses during cooking [48] and intestinal absorption [49] . Although results from case-control studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have been inconsistent regarding the association between folate intake and colorectal cancer risk, most prospective studies have reported inverse associations [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Ten of the 11 published prospective studies were included in the current pooled analysis [17] [18] [19] [20] [22] [23] [24] [25] [26] [27] . The NHANES I Epidemiologic Follow-up Study [21] , not included in our analysis because that study used a single 24-h recall to measure folate intake instead of a food frequency questionnaire, reported a 43% risk reduction (RR = 0.57, 95% CI 0.34-0.97) for colon cancer for the highest vs. lowest quartile of dietary folate intake during 20 years of followup among 10,011 participants. Total folate intake was not evaluated in that study.
In the studies included in our analyses, folate intake assessed by food frequency questionnaires has been Table 2 b
The analyses of dietary folate intake included 2995 proximal colon cancer cases and 2268 distal colon cancer cases; the analyses of total folate intake included 2041 proximal colon cancer cases and 1520 distal colon cancer cases c
The Canadian National Breast Screening Study, Netherlands Cohort Study, Prospective Study on Hormones, Diet and Breast Cancer, and Swedish Mammography Cohort were excluded from these analyses because data were not available on multivitamin use or folate was not included in the multivitamins that were available at baseline. The Alpha-Tocopherol Beta-Carotene Cancer Prevention Study was excluded from these analyses because the prevalence of multivitamin use in this study was \8%;
therefore, total folate intake in this study was not comparable to intake levels in the other studies that had a higher prevalence of multivitamin use ([20%) [51] . A similar correlation (r = 0.52) between total folate intake and serum folate levels was also reported in the New York University Women's Health Study [20] . Thus, folate levels in these cohorts estimated by food frequency questionnaires appear to agree well with other measures of folate intake, including biomarkers. However, because folate intake is measured with error, the magnitude of the inverse associations that we observed for dietary and total folate intake and colon cancer risk is likely to have been underestimated. Because the critical period for folate intake in colon carcinogenesis is unclear, a one-time measurement of folate intake or supplement use at baseline is also likely to underestimate the relation between folate intake and colon cancer risk, as was observed in an earlier report from the Nurses' Health Study for multivitamin use [19] . Consumption of vegetables [55] , a major contributor to dietary folate intake [45] , and multivitamin use [56, 57] have been shown to be correlated with other lifestyle factors that may also be associated with colon cancer risk. In this analysis, however, simultaneous adjustment for multiple potential confounding factors, including other dietary factors, resulted in minimal attenuation of the age-adjusted RRs for dietary and total folate intake, suggesting that residual confounding by other lifestyle factors is not likely to substantially confound the association.
We observed slightly attenuated associations with total folate intake after further adjustment for intakes of some micronutrients contained in multivitamin supplements, such as vitamins A, C, and E. This finding may raise the issue of whether the effect of folate intake on colon cancer risk is independent, but we also observed a weak, marginally significant association between dietary folate intake and colon cancer risk among non-users of multivitamins and an inverse association with total folate intake among participants in the highest quintile of intake of these other micronutrients. The high correlation between intakes of micronutrients in multivitamins among multivitamin users limits our ability to distinguish between them in observational studies of their associations with health outcomes.
Several hypotheses have been suggested by which folate may prevent colorectal carcinogenesis [58] [59] [60] . Folate is critical for the synthesis and regeneration of S-adenosylmethionine that serves as the essential methyl donor for over 100 biochemical reactions, including the methylation of DNA [59] . Consequently, low plasma folate levels may lead to global hypomethylation of DNA, an early event in colorectal carcinogenesis [61, 62] . In human feeding trials, moderately folate-deficient diets induced genomic hypomethylation in lymphocyte DNA [63, 64] , whereas oral supplementation with folate can reverse genomic hypomethylation [63] and decrease cell proliferation [65] .
Low folate intake can also cause misincorporation of uracil during DNA synthesis [66, 67] , potentially leading to DNA double-strand breaks [68] , which in turn cause chromosome aberrations and neoplastic transformation [69] . Blount et al [70] demonstrated that both uracil misincorporation into DNA and high micronucleus frequency (a measure of chromosome breaks) in white blood cells from folate-deficient persons were markedly reduced after 8 weeks of folate supplementation. Several studies also have shown an association between a functional polymorphism in the methyltetrahydrofolate reductase gene and colorectal cancer risk that further supports a specific role of folate in colorectal carcinogenesis [71] .
Our result of a stronger association with total folate intake compared to dietary folate intake differs from that of a recent meta-analysis that showed a larger reduction in risk associated with folate from dietary sources alone compared with folate from dietary and supplemental sources. Although the meta-analysis included three prospective studies [23, 24, 36] of which only 1 study [23] presented estimates for both dietary and total folate intake separately, we were able to include in our analysis eight studies that each had data on both dietary and supplemental folate intake. For these eight studies that assessed both dietary and total folate intake, the pooled RR comparing the highest vs lowest quintile of total folate intake (pooled multivariate RR = 0.85, 95% CI 0.77-0.95) was stronger than that for dietary folate intake (pooled multivariate RR = 0.93, 95% CI 0.85-1.03).
High levels of alcohol consumption interfere with folate utilization and increase folate requirements [72] , and serum folate levels are lower in smokers than in non-smokers [73] . The inverse association between folate intake and colon cancer risk was stronger among individuals who drank alcohol and among smokers, both independent risk factors for colorectal cancer [74] [75] [76] , although neither interaction reached statistical significance. In rats fed a diet with standard folate levels, alcohol administration increased intracolonic acetaldehyde levels and significantly decreased colonic mucosal folate levels by 48% [77] , possibly due to cleavage of folate by acetaldehyde [72] . Components of cigarette smoke are known to convert some forms of folate into biologically inactive compounds [78, 79] . Thus, folate supplementation may be even more important among regular alcohol consumers and smokers.
A recent intervention trial of high-dose folic acid supplementation showed an increased risk of recurrence of colorectal adenomas, precursor lesions of colorectal cancer, in the intervention compared to the placebo group [80] . This result, in combination with some experimental studies [81] and a recent report showing the reversal of downward trends in colorectal cancer incidence in the United States and Canada after folate fortification [82] , has raised the issue of whether folate supplementation may have different effects depending on whether preneoplastic changes have already been initiated [83] . Our study, based on incident colon cancer as the outcome with a long follow-up time, does not appear to support the findings from the trial within the range of intakes in these populations as we did not observe an increased risk of colon cancer during the first 5 years of follow-up, when the individuals who developed colon cancer may have had preclinical lesions at baseline.
In summary, we observed a modest, inverse association between folate intake and risk of colon cancer. These findings were consistent across studies and among men and women. A stronger inverse association was observed for the top quintile of total folate compared to dietary folate, largely related to a lower risk among users of multivitamin supplements, as reported in our accompanying article [84] . Because multivitamins were the primary source of supplemental folic acid, as well as other vitamins, in our study, we cannot exclude the possibility that other constituents of multivitamins contribute to a lower risk of colon cancer. However, our findings do support the hypothesis that high folate/folic acid intake reduces the risk of colon cancer.
